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ABSTRACT

This paper presents a detailed derivation of a permanent magnet synchronous motor,
which may be used as the electric power train for the simulation of a hybrid electric
vehicle. A torque tracking control of the permanent magnet synchronous motor is
developed by using an adaptive proportional-integral-derivative controller. Several tests
such as step function, saw tooth function, sine wave function and square wave function
were used in order to examine the performance of the proposed control structure. The
effectiveness of the proposed controller was verified and compared with the same
system under a PID controller and the desired control. The result of the observations
shows that the proposed control structure proves to be effective in tracking the desired
torque with a good response. The findings of this study will be considered in the design,
optimisation and experimentation of series hybrid electric vehicle.

Keyword: Modelling; permanent magnet synchronous motor; torque tracking control;
Adaptive PID; PID controller.

INTRODUCTION

Vehicle purchases are important economic decisions for individual consumers and have
important consequences for nations as a whole. Consumers can be expected to take both
capital and operating costs into account when making their purchase decisions. Vehicles
are typically the second most expensive purchase made by households, and the
technology embodied in each vehicle determines its operating costs over its life. The
major operating cost for vehicles is tied to consumer expenditure on gasoline, which is
determined by the vehicle’s fuel efficiency, daily miles driven and the price of gasoline.
Petroleum prices were extremely volatile during the second half of 2008, with a per
barrel price of West Texas Intermediate peaking at $133.37 in July followed by a
decline to $41.12 by December; these prices translated to a national average per gallon
price of regular gasoline of $4.06 in July and $1.69 by December (Yuan et al., 2004;
Zhu et al., 2002). The extraordinary volatility in the cost of gasoline over the past few
years has raised the level of uncertainty among consumers about future prices, and
caused them to place greater weight on the expected variability and mean level of
gasoline prices in their vehicle purchase decisions.

Concerns over the future prices of petroleum products have been accompanied
by rising worries over both the impact of global warming due to carbon dioxide
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emissions and the nation’s energy independence. The transportation sector accounted
for one-third of all greenhouse gas emissions in the US in 2006. There are several
federal programs designed to lower these emissions by requiring more fuel-efficient
vehicles, including the recently enacted increase in the required corporate average fuel
economy (CAFE) standards (Trigui et al., 2004). Concerns about potential disruptions
to the oil supply and the resultant spike in gas prices, hybrid vehicles are chosen as a
problem solver. This is because hybrid electric vehicles are a one of the most promising
technologies for significantly reducing fuel consumption, and toxic and greenhouse gas
emissions (Grammatico et al., 2010; Yimin et al., 2006). Generally, hybrid electric
vehicles (HEV) can be defined as integrating an internal combustion engine (ICE) with
an electric motor that is used as the prime mover of a vehicle. It can be classified into
three commonly used categories: series HEV (Ehsani et al., 2010), parallel HEV
(Momoh and Omoigui, 2009) and series-parallel HEV (Arroyo, 2006). In a series HEV
system, the ICE is coupled with an electric generator that acts as the electric power
supply to an electric motor instead of driving the wheels. While, the electric motor is
employed as the prime mover in driving the vehicle wheels (Choi et al., 2006).
Otherwise, a parallel HEV system is a combination of an ICE and electric motor where
both power generators are used to drive the vehicle transmission and wheels. However,
in a series-parallel HEV system, the mechanical and electrical systems are connected in
double connection between the engine and drive axle. In this system, the split power
path is able to interconnect the mechanical and electrical power structures. Planetary
gear is applied in this system to make a connection between the mechanical and
electrical devices (Bayindir et al., 2011; Pennestri et al., 2012).

Since the electric motor is one of the important components in the HEV, the
selection of electric motor type is seen to be compulsory. From past research, there are
generally three types of electric motor commonly used in electric vehicles (EV) and
HEVs, the induction motor, permanent magnet synchronous motor (PMSM) and switch
reluctance motor (SRM). The three types of electric motor drive used depends on the
type or specification desired to drive the vehicle. The PM synchronous servo motor
drive plays a vitally important role in motion-control applications in the low-to-medium
power range. The desirable features of the PM synchronous motor are its compact
structure, high air gap flux density, high power density, high torque-to-inertia ratio, and
high torque capability. Moreover, compared with an induction servo motor, a PMSM
has advantages such as a higher efficiency, due to the absence of rotor losses and lower
no-load current below the rated speed, and its decoupling control performance is much
less sensitive to parametric variations in the motor (Desai and Williamson, 2009; Lin et
al., 1998)

However the control performance of the PMSM drive is still influenced by the
uncertainties of the controlled plant, which usually comprise of unpredictable plant
parametric variationd, external load disturbances, and un-modelled and nonlinear
dynamics. During the past few decades, the control of PMSM has resulted in various
control strategies being developed. Numerous control methods such as adaptive control,
neural control; and Fuzzy logic control, a nonlinear control strategy, has been applied to
the control of PMSM by Bathaee et al. (2005), Guo et al. (2011) and Salmasi (2007),
sliding mode control (SMC) by Guo et al. (2011) and Montazeri-Gh et al. (2006),
terminal sliding mode control (TSM) by Qi and Shi (in press), and adaptive back
stepping control by Li et al. (2009), Qi and Shi (in press) and Trabelsi et al. (2012). The
Genetic Algorithm (GA) is proposed by Belda and Vosmik (2012) and Garg and Kumar
(2002), and other intelligent control strategies have been proposed such as genetic fuzzy
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system (GFS) control (Karabacak and Eskikurt, 2011) and neuro fuzzy logic control
(Elmas et al., 2008; Melin and Castillo, 2005; Moustakidis et al., 2008; Qi and Shi, in
press). Among these, the best known is the proportional integral derivative (PID)
controller, which has been widely used in the industry because of its simple structure
and robust performance within a wide range of operating conditions (Ahmad et al.,
2010; Astolfi et al., 2008; Cominos and Null, 2002; Huang et al., 2002; Kristiansson
and Lennartson, 2002).

In this study, PMSM is chosen as the electric power train because of the superior
performance of the motor, which can give a higher torque to inertia ratio compared to
the others. The formulation and dynamic behaviour of a PM synchronous motor coupled
with a complex mechanical system is introduced. MATLAB-Simulink software is
chosen as the computer simulation tool used to simulate the system’s behaviour and
evaluate the performance of the control structure. Adaptive PID control is then proposed
in controlling the output torque. The reason why adaptive PID control used in this study
is because of the various throttle input values that will be applied to the vehicle, and
because of the linearity in the limitation of the conventional PID controller where
conventional PID control only can outperform in a predetermined range input reference
only. The other reason for using this proposed control structure is because it is easy to
maintain and easy to implement in the DAQ software during the experiment. The
proposed controller structure will is then be used in the real experimentation of the
HEV, where the controller parameters that have been fine tunes will be burnt into the
microcontroller. In order to verify the effectiveness of the proposed controller, the
performance behaviour of the PMSM under adaptive PID control is compared with the
behaviour of the system under conventional PID control and a passive system.

This paper is structured as follows: the first section contains the introduction and
a review of some related works, followed by the mathematical modelling of a PMSM
model in the second section. The third section then presents the proposed control
structure for the torque tracking control of the PMSM system. The next section provides
a performance evaluation of the proposed controller strategy by comparing it with a
conventional PID control structure. The final section is the conclusion of this paper.

PERMANENT MAGNET SYNCHRONOUS MOTOR MODELLING

The PMSM consists of one stator and one rotor, where the structure of the stator
winding is constructed in such a way as to produce a sinusoidal flux density in the air
gap of the machine. However, the structure of the rotor is similar to a BLDC motor,
which contains a permanent magnet motor. Hence the PMSM is modelled on the D-Q
frame, such as shown in the equations below:

Vg = RSid + Ld dld/dt_ (l)eLqiq (1)
Vg = Rsig+ Lgdig/dt — welgig + wedpm (2)
Pem = 3/2 (vdid + vqiq) 3)
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where
Vg = D-axis voltage
Vg = Q-axis voltage
ig = D-axis current
iq = Q-axis current
R, = Stator phase resistance
Ly = D-axis inductance
L, = Q-axis inductance
Apm = Permanent magnet flux linkage
W, = Angular frequency of stator

pem = Electric input electric

The mechanical part of the PMSM can be modelled as follows:

T, = Jsdws/dt + By,ws + T, + T 4)
bs = TsWs (5)
where
Js = Shaft moment inertia
T, = Electromagnetic torque
(o = Coulomb torque
B, = Viscous friction coefficient

The coupling between the electric and mechanical parts can be defined by the following
equations:

Te = 3/2(P/2)(Apmiq + (La — Lq)ialq) (6)
we = P/2 ws (7)
where P = Number of poles
The d-q Transformation Modelling

The d-q modelling is related to the transformation of the three phase variables in an abc
coordinate system into an equivalent two-phase system that has an arbitrary speed in the
reference frame. This model is used to model and analyse the PMSM. Hence, in the d-q
coordinate system the d-axis is defined as the direct magnetic axis of the resultant
mutual interaction of two orthogonal magnetomotive forces (mmf), while the g-axis is
the quadrature to the direct axis. In this model the Park transformation is used. The three
phase windings abc are placed in the stator with two windings d and g being placed in
the rotor. The calculation of the current and flux are given by Park as

f f

fd : fa : fd fa
f =1 abc—dq fb ’ f =abcaaﬁ fb ; f =aﬁedq f (8)
q f B f q B

c C
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where
o [cos8 cos(8 +2m) cos(8 + 2m/3)
lobesdq = 3 [sin@ sin(60 — 2m) sin(6 — 271/3)] 9)
0.5 0.5 0.5

1 -05 -0.5
Iapcosaq = 5[ 0 —V3/2 «/§/z] (10)

0.5 0.5 0.5

__Jcos@ sinf

lap-ave = [— sinf cos#@ 1D

— 71 — 71 — 71
qu—>abc =1 abc—>dq:1aﬁ—>abc =1 abCﬁanqu—)aﬁ =1 af—dq

The abc variables are obtained from the d-g variable through the inverse of the Park
transform.

cos @ sin 6 1
qu—>abc = COS(H - 27-[/3) sin(@ - 2”/3) 1 (12)
cos(@ + 2m/3) sin(6 + 2rn/3) 1

Where fqrer and fqrer are the current in the d-q frame model, which may be obtained from
the 3-phase voltages through the previous equation as:

iqg = lgcosf — igsinf (13)
Ip = iq.0.5(1.7321 sinf — cos @) + (sin6 + 1.7321 cos 6)i4.0.5 (14)
o= —lig—1p (15)

Vector Control Model of PMSM
Vector control of the PMSM is required to undertake the current control loop of a field-
oriented drive of a PMSM. The advantage of the vector control in this system is that
vector control can deliver a high performance to the PMSM based on the desired input.
Equation (16) shows that when the direct axis (d-axis) is maintained as constant, the

generated torque is proportional to the quadrature axis (g-axis) current. For the special
case when igq is forced to zero, 1; = A,¢. Then equation (1) becomes:

Vg = — welyliy (16)
Vg = Rsig + Lq%— WeLglg + Welpm (17)
The expression of torque then will be:
T, = 3/2(P/2)Aafiy (18)
where ke = 3/2(P/2)Aqf (19)
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The magnetic flux linkage of the PMSM is a constant and the torque is directly
related to the quadrature axis (g-axis) current.

DESCRIPTION OF THE SIMULATION MODEL

The model of an electric motor for a series HEV is developed based on the
mathematical equations in the previous section using Matlab Simulink Software. In this
simulation, the PMSM was controlled using an Adaptive PID controller. The PMSM
modelled in the Matlab Simulink Software is illustrated in Figure 1. Thus the subsystem
of the electric motor includes a speed controller, DC to DC converter, battery, vector
control and inverter. Additionally, the electric motor was run through a battery source.
Furthermore, the electric motor has three inputs that can be used in the simulation of the
electric motor, namely torque input, speed input and motor enable. The simulation
model of the PMSM is shown in Figure 1.

a

No of Motor

-C-

Torque Control

Vector Control

A\ 4

A\ 4

> an !
- =% Permanent Magnet Synchronous Motor

——] Three Phase Inverter 500V/50kW
Battery Model DC to DC Converter

Figure 1. PMSM model in Matlab Simulink Software.
TORQUE TRACKING CONTROL OF PMSM

The control structure of an active control system for PMSM was classified by an outer
loop to control the torque of the motor and speed. The outer loop controller provides the
PMSM control, that isolates the PMSM model, speed control, battery, vector control
and three phase inverter. The proposed control structure for the permanent magnet
motor (PMSM) is illustrated in Figure 2.
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Adaptive PID Motor Model

Adaptive Law

Figure 2. Adaptive PID control structure.
Torque Tracking Control of PMSM

The controller is used to evaluate the deviation from the required torque with robust and
accurate torque performance. From many previous investigations, the PID controller is
already proven to be effective in many applications, but is unable to continuously vary
with varying conditions. Hence an adaptive PID controller is proposed in this
investigation to achieve a better result in terms of the continuity and adaptability of the
controller in performing with varying inputs. The control structure of the adaptive PID
controller is illustrated in Figure 2. The mathematical equation of the adaptive PID
controller can be described by following equations:

d
7o () = ky(De(t) + k;(t) f e (t)dt + kd(t)ae(t) (20)

Where, e(t) = Tper(t) — Tacrua(t) and the proportional gain of k,(t), integral gain,
k;(t) and derivative gain, k,(t) are functions of the PMSM torque performance t,,,(t).

The proportional gain of k, (t) can be expressed mathematically as follows:

ky(t) = —2807,,,(¢) + 43000 (21)

The integral gain of k;(t) can be expressed mathematically, equation (22), as a
function of the PMSM torque performance as follows:

k;(t) = —1907,,,(t) + 29000 (22)

The derivative of k4 (t) can be described mathematically, equation (23), as a function of
the PMSM torque performance as follows:
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ky(t) = —1207,,(t) + 19000 (23)

In this study, the linearisation of the controller gain against motor torque has
been made in order to obtain the constant value in equations (20) to (23). The
linearisation is done via linearising the plotting data in Microsoft Excel, as discussed in
the Appendix. In order to create the linearisation equation, it is necessary to identify the
conventional PID controller parameters for all the input conditions via the simulation of
a step response, square function response, saw tooth response and sine wave function.
The controller parameters obtained from the tests are presented in Table 1.

Table 1. PID controller parameters.

Torque Controller Parameter

References Step Response Sine Wave Response
(Nm) Ko Ki Kg Te(Nm) Ky Ki  Kg Te(Nm)
150 160 5 2 149 10000 10000 9000 142
140 150 10 3 139 10000 10000 9000 135
130 135 7 3 129 10000 8000 6000 124
120 100 10 2 119 7800 6500 4000 110
110 170 5 1 109 12000 11000 4500 102
100 150 3 1 99 6500 6000 3500 91

R;‘g:g:\lges Saw Tooth Response Square Response
(Nm) Ko Ki Kg Te (Nm) Kp Ki Kyq Te (Nm)
150 250 10 1 136 50 5 1 148
140 230 15 5 127 70 5 3 138
130 190 13 3 119 45 10 5 128
120 185 13 2 110 60 8 2 118
110 200 15 3 101 63 7 2 108
100 190 12 2 925 60 10 1 98

POSITION TRACKING CONTROL OF PMSM USING PID CONTROLLER

Figure 3 shows the response for a system with the PID controller. The parameters of the
PID controller are optimised using the trial and error method, and verified using
sensitivity analysis for optimal performance under various conditions. Several test
procedures such as the step function, sine wave function, square function and saw tooth
function are applied to verify the effectiveness of the control structure. All the input
signals are generated from the step function, square function and sine wave function.
With appropriate tuning of the PID gains, excellent results are achieved as illustrated in
Figure 3. In the graphs, the green/dashed line corresponds to the desired motion of the
slider position and the blue/solid line indicates the actual motion achieved by
controlling the position torque of the motor. It can be seen that the proposed control
structure with the PID controller for producing the desired torque is very encouraging,
as shown in the step function response in Figure 3(a). However, the response of the
controller in this function is over damped, and it can be said that the system is slow. In
terms of the sine wave function [Figure 3(b)], saw tooth function [Figure 3(c)], and
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square function [Figure 3(d)] the controller structure shows its capability in achieving
the control design criteria, and presents a good response in tracking the desired torque.
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Figure 3. Response of torque tracking control of PMSM using PID controller.

POSITION TRACKING CONTROL OF PMSM USING ADAPTIVE PID
CONTROL

Since there are limitations to the PID controller in controlling the system, as discussed
in section 3.1 and proven in section 4.0, an adaptive PID has been proposed. Figures
4(a) and 4(b) show the performance evaluation of the torque tracking control of the
PMSM under the adaptive PID controller. The performance of the controller is
examined via comparing the response of the proposed controller with the response of
the system under a conventional PID controller and a controller reference. In the
figures, the blue/solid lines denote the response of the adaptive PID controller, the
red/dashed lines indicate the response of the PID controller, while the green/dotted lines
refer to the desired input for the controller. The results show that the APID controller
with a moment rejection loop offers a good performance in tracking the system, and
also the system is stable and has a good transient response.

Considering Figure 4(a), the step function behaviour of the APID controller indicates a
better performance in terms of the rate of the response, transient phase and settling time
compared to the conventional PID controller. The results show that the proposed control
structure is a reasonably efficient method to achieve identical torque to that desired,
since the response of the conventional PID controller is over damped which means that
the response of the controller is sluggish. The results of torque tracking control for the
sine wave function, saw tooth function and square wave function of the APID controller
scheme can be examined in Figures 4(b), (c) and (d). From the observations it can be
said that the APID control scheme is able to make the system produce the target torque
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desired, while the conventional PID controller could not achieve that. It can be seen
from the response of the PID controller that it cannot achieve the target magnitude
desired. In terms of stability, the APID indicates that the controller structure is more
stable compared to the PID controller. This can be clearly seen in Figures 4 (a) and (d),
where steady state error occurs in the steady state phase.

Adaptive PID Controller Step Input Adaptive PID Controller Sine Wave Input

R /
ViV
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i
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| Figure 4. Response of torque tracking control of PMSM using Adaptive PID controller.
CONCLUSION

In this study, a PMSM model has been developed in Matlab Simulink Software. The
developed model is then used as the electric power train in a HEV simulation. Since the
input of the vehicle’s dynamics is the drive torque, torque tracking control of the PMSM
should first be achieved. In this study, a torque tracking control for the PMSM has been
developed using an adaptive proportional-integral-derivative (APID) control scheme.
Simulation studies of the torque tracking are presented to demonstrate the effectiveness
of using the proposed controller by comparing the responses with the same system using
a PID controller and the desired control. Several tests have been performed in order to
verify the effectiveness of the proposed controller, namely a sine wave function test,
square function test, step function test and saw tooth function test. The simulation
results show that the use of the proposed APID control technique proved to be effective
in controlling the torque of the PMSM with good accuracy.
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